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40. Conclusions: There are many significant ways in which the Commission's RF rules need to

be changed. The federal health agencies have likely overlooked, misunderstood, or were not

aware of new information presented by the Ad-Hoc Association and other parties in this

proceeding. The Commission should seek federal health agencies to evaluate the RF health

claims made in this proceeding, since the Commission does not have expertise in this area, but is

nevertheless responsible that its limits be properly protective. Please contact me if the

Commission or any reviewing this document are unable to find referenced materials or have

questions.
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Respectfully S.u~:d,
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P.O. Box 7577
Olympia, WA 98507-7577 Tel: (206) 722-8306
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Experimental and numerical dosimetry

Niels Kuster and Quirino Balzano

2.1 INTRODUCTION

The objective of this chapter is to document the state of the art of experimen­
tal and numerical dosimetry with emphasis on those aspects relevant to mo­
bile communications. This includes the evaluation of the suitability of various
tools developed for dosimetry in the frequency range of mobile communications
(40 MHz - 6 GHz). Since the suitability of a tool is here determined by the phys­
ical requirements defined by the specific applications, the dose rate, the energy
absorption mechanism and the two major application areas are discussed first.

2.2 DOSE RATE AND SAFETY STANDARDS

In 1982 the American National Standards Institute (ANSI) became the first
organization to introduce the Dosimetric Concept for protection from nonion­
izing radiation (ANSI, 1982) . This represented a t'narked improvement, since
all previous standards, e.g. the ANSI Standard of 1974, were based strictly ,
upon exposure quantities, such as power densities and field strengths. This new
approach was subsequently adopted by most national ,and international stan­
dards commissions, e.g. DIN/VDE (1984), NCRP (1986), NRPB (1986), IRPA
(1988), TTC/MPT (1990), CENELEC (1995).

The dosimetric concept was initially developed for and successfully applied
to protection from ionizing radiation. The ionizing .!3tandard is based on an
established correlation between the dose and the biological effects, whereby the
'dose' is defined as the energy ~bsorbed per unit mass. Derived. values, such
as the incident radiation in terms of radiometric quantities, and tHe definition
of dosimetric terms, such as whole body and organ dose, population dose, and
relative biological effectiveness, were also defined. .

Although this is tIuite a straightforward approach for.protection from ionizing
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16 EXPERIMENTAL AND NUMERICAL DOSIMETRY

considerable technical resources. Hence, as in the field of ionizing radiation,
exposure limits had to be derived to achieve a workable standard.

2.2.2 Exposure liIllits

Exposure limits must have a direct relation to the dose, preferably being propor­
tional. However, in contrast to ionizing radiation, the relationship between the
exposure and the induced dose or SAR distribution is significantly dependent
on various exposure parameters, such as the frequency and field polarization,
as well as on the exposed biological bodies. The human body has complex sur­
faces and internal geometries and is composed of tissues with spatially varying
dielectric properties. Furthermore, the mere presence of the body significantly
alters the field distribution. In the case of near field exposures, the coupling be­
tween the body and the electromagnetic source can even alter the performance
of the source.

Consequently, exposure limits are possible only if they are based on worst
case conditions, Le. when they ensure that the basic limits are satisfied under
all conditions. Absorption under various exposure conditions was extensively
investigated in numerous studies in the late 70s. From these studies the cur­
rent exposure limi.ts for electric and magnetic field strengths have been derived.
These field quantities can be easily measured using existing equipment (IEEE,
1992). The gist of these studies was that the most efficient absorption occurs
under plane wave conditions with an upright human body parallel to the inci­
dent E-field. Other, more unusual body postures might also result in enhanced
absorption. However, for most body postures other than the upright with par­
allel field polarization, the derived limits substantially overestimate the actual
absorption. This is especially true when the body or body parts are in the close
near field of the radiation source and re-radiating structures. For example, in
the closest vicinity of low power transmitters, these exposure limits are eas­
ily exceeded, although the actual induced absorption might only be a small
fraction of the SAR limits.

In other words, the exposure limits are of no use for the safety assessment
of handheld telephones. Subsequently, the testing of compliance of handheld
mobile communication transceivers with safety limits has lately become the
key problem in the area of dosimetry. In view of the importance of this issue,
the focus of this chapter will be on the discussion of methods and procedures
to assess the basic dose for current standards, Le. the SAR distribution inside
biological tissues. However, one should keep in mind that the importance of
time-averaged and volume-averaged SAR values as the only physical quantities
of biological relevance is still frequently questioned. The implications of this
consideration will be discussed in the following chapters. Even if another mea­
surable quantity proves to be more suitable in future, the following discussions
would still be largely applicable.

•
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2.2.3 Exclusions for Illobile teleCoIllIllunkations equipIllent

Right from the onset of the development of the dosimetric concept, it became
obvious that handheld mobile telecommunications equipmcnt (MTE) would
exceed the derived safety limits. ANSI C95.1-1982 (ANSI, 1982) simply by­
passed this problem by an exclusionary clause for low power handheld devices.
In this clause all transceivers operating below 1 GHz and radiating less than
7 W were excluded from the requirement to demonstrate compliance with the
basic safety limits. This cxclusionary clause was adopted worldwidc by most
standard-setting organizations, although there was no real scientific back-up
for this assumption. It was dropped or modified in the beginning of the 90s,
when it became well known that transceivers with an input powcr of 7 W may
result in spatial peak SAR values of well above lOOmW/g (Kus.ter, 1992a; Meier
et al., 1996a). However, the 7W exclusion, together with an extended frequency
range of up to 3 GHz, is still valid in some national standards (e.g. Sweden and
Japan).

The scientific data available in the early 80s and used to substantiate this
exclusion were from experimental studies that had been performed on various
transmitters operating at frequencies betwe~n 30 and 900 MHz (Balzano et at.,
1977; 1978a; 1978b). However, they did not supply any supporting evidence of
the soundness of the 7 W exclusion clause.

During the eighties the absorption induced by sources in the close vicinity of
biological bodies were studied in several laboratories (Chatterjee et al., 1985;
Guy and Chou, 1986; Stuchly et al., 1986a; 1986b; 1987; Kuster and Ballisti,
1989; Cleveland and Athey, 1989; Fujiwara et al., 1990). The results proved
to be difficult to interpret and contradictory with respect to the conclusions
about the validity of the· exclusionary clause. A study in 1992 on the absorp­
tion mechanism of biological bodies in the near field of dipole sources clarified
the situation and showed conclusively that the exclusionary clause Is in clear
contradiction of the spatial peak SAR limits (Kuster and Balzano, 1992).

These contradictory findings from distinguished research groups demonstrate
the difficulties in performing accurate and reliable dosimetric studies, especially
in the close near field of sources. This is just as true for the evaluation and design
of optimized exposure setups to be used for in vitro and in vivo experiments.

It is interesting to note that NCRP (NCRP, 1996), which defined the same
basic restrictions in their guidlines as ANSI (ANSI, 1982), did not adopt the
7 W exclusion in 1986. However, it permitted the use of MTE exceeding the lim­
its of the general population as a personal de~ision by the individual, provided
the exposure of the user does not exceed the recommended occupational guide­
lines and provided that people other than the user are not exposed above the
population guidelines. A tighter criterion was added for modulated exposures:
'If the carrier frequency is modulated at a depth of 50 percent or greater at fre­
quencies between 3 and 100 Hz, the exposure crit~ria for the general population
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with the complex permittivity' = E - ajiw. The correction coefficient Ceorr
is introduced to take into acco1lDt the cb&nged reSection properties from small
diataDcea d of the ant-enDa from the scatterer. It was empirically approximated
to be:

.
i
1
1
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'1'he validity of the above discuseed eoergyabsorption mechanism has been
widely questioned tOr stIODg1y JJODborno&eDeous bodies, such u the h.umaD
bead. Thia has been eddreseed EeCeIltly in two studies about the dependence
of electromagnetic energy absorption upon human head modeling for the fre­
quency range below 900MHz (Hombacb d 01., 1996) and for l.8GHz (Meier
e& aL, .1997). The studies have been conducted using sewral numerieal and
experimental phantoms. Phaotoma in the context of this chapter are physiCal
or numerical bodies which simulate the electrical properties of IiYiDg biological
bodies. ~ey can be of varied complexity with respect to tissue composition
aa well uto shape. The most complp: phantoms used in this lItudy of the ab­
sorption dependence upon modeling were three independently discretised head
phantoms based on MRI sc:aos of three cWrerent adults, whereby 13 dUferent
tilIIue types were distinguished. One of them is shown in Figure 2.1. The most
swple (diantom was a homogeneous sphere of 200 mm diameter. The findiDgs
of these itUdies can be summarized as follows:

• The global SAR distribution is similar Cor homogeneous and noDhomoge­
D8OU8 modeling, i.e. the energy abeorptioo mecbani8ln is not changed (Fig­
ure 2.2). Inother words, the abIorption distribution is strongly related to the
expected incideot magnetic field. i.e. to the RF current distribution versus
the distance. Most of the power is absorhed close to the radiating structure
aad focusing elfects ue Deg1igible.

• The locaJ SAR distribution depends significantly on the local distribution of
the electrical tissue properties. In humans, however, the local tissue distri­
bution fOr various individuals varies largely and can even change with time.
For example, the outer shape depends on the individual profile and on any
movement of the mouth or the eyes. The electric parameters of a human
body vary with levels of phyaical and metabolic activity, health, and age.

• The spatial peak SAR values also depend OIl the local aoatomy. On the other
band, the homogeneous modeliD& led to results which also overestimated the
values of the nonhomogeneous head with the highest absorption. However,
&he overestimation is aurpriaingly IID&1J for the site above the e8l', i.e. <10%
for the 109 averaged values and <25% for the I g averaged values •

• Small shib «10mm) of the source parallel to the surface of body can
result in variations of the spatial peak SAR of larger 3dB in the c:aae of
nonhomogeneous m.odeliD&. For homogeneous bodies such shifts do not lead
to &Dy c:baDges in the spatial peak SAR values, which always overestimate
the values of the DODhomogeneous ca&e.

• The effects due to the shape of the bead are negligible for a fJ.\'en distance
of the RF current aource Cram the body.

• The humaD band is an auMondcally and pometric:ally compUac structure
which caD cover an MTE in almost an iDfiDite number eX CODfigurations.

:a.8.2~ for DODhoJllOlP!lD.eOUB bodiea

(2.4)

(2.3)2lHt -1
..,.". = IH+ v'iOJ

whereby 6.4i.. is the skin depth of the tissue and SAR. the surface SAR value
approximated by (2.2). In many cases it is sufBcient to calcu1ate the incideIlt
magnetic field (Hl... ) from the assumed eunent distribution by simple quasi­
static CClQSideratioos.

An analyt.ically baaed approach £or a layered box (corresponding to the head)
has recently been published (KiDg, 1995&). The problem of the evaluMioD for
exposure eases"TDt':DU baa been traDaferred to the assessment of the equivalent
dipole moment. This paper does, however, confirm the more easily applicable
empirical approximation formula (2.4).

For body c:ross-sections sipificantly smaller than the wavelength (e.g. small
&DimaJs), the SAR distribution is similar to induced eddy curreDts, with high
abeorptioD at Ue peripheral regions and small values in the center. An example
is illustrated in the Figures 2.8 and 2.13. Another example is the abIorption in
Petri-ctishes (Burkhardt et 01., 1996). where a good approximatioD could also
be obtaiDecl by separately COIISidering eape.citive and iaduetive coupliDg.

In the hqueacy range below 200MHz &he body is capKitiwly coupled to
the baDdbelcl device, which is often operated with eIectrieaIIy short antennas.
In this cue the body is an integral part of the uatenD & I)'Item aDd simple
antAmna models mipt be ueful far dosimetric estimaQorua.

_ { . 1: d ~ O.08>"h"",
Ccorr - sin(t~f): d < O!J8>'/~

Because of the relatively large dimensions of the human head and high conduc­
tivity above SOOMlb (dimeDsion with respect to the skin depth 6 and wave­
length iDside the tissue), this approximation is well suited for estimation of the
exposure of sources in the vicinity of the head or body. If the H-field can be
88Iesaed £rom the current distribution on the transceiver, the spatial peak SAR
avenged over a cube of side IeDgth /1z (SARa,,) can be approximated for a
homogeneous~ation of the head by

SA D 6.ttn ( ...:.~)
~"" I:l$ 2t.z SAR. 1 - e .Jo'"

in which 'Ypw is the pJaDe.wave Nftection coef6dent tOr the H,-fieI,d
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restrictions can also be demonstrated by directly determining the SAR distri­
bution in experimental or numerical phantoms representing the human body.
Such dosimetric assessments, however, are generally difficult to perform, espe­
cially because the body may strongly interact with the radiation source or the
reradiating structures nearby. The absorption depends on various parameters,
such as the position of the RF source near the body, posture, size and anatomy.
In addition, possible error sources in the experimental and numerical dosimetry
are numerous. Testing compliance with the basic restrictions is therefore time
consuming and expensive and should be considered as a solution of last resort.

The easiest way to enforce safety limits is to implement appropriate measures
to prevent access to critical areas where the exposure limits are exceeded. If
access is required under certain circumstances (e.g. for maintenance purposes),
the operator of the installation can stipulate a procedure (e.g. shutdown of the
transmitter or wearing of protective clothing), to avoid exposure exceeding the
safety limits.

Some equipment, however, need to be operated in the close vicinity of users
for functional reasons (e.g. portable and handheld MTE). Exclusionary clauses
can be defined but should satisfy the worst case criteria. This may not be the
case for the exclusionary clause for low power devices defined in ANSI C95.1­
1992 (ANSI, 1992). A better basis to define a sound exclusionary clause might

.be the approximation formula (2.4). However, further studies are needed to
verify its general validity and its range of uncertainty.

However, many cellular phone systems do not fall under such an exclusion,
since their maximum input power is large enough to theoretically exceed the
spatial peak SAR limits. This has the consequence that a special procedure
must be implemented to demonstrate compliance with basic restrictions. Since
this is one of the key problems in the dosimetry of mobile communications,
special requirements for compliance testing of handheld MTE are necessary
and are discussed in the following Section 2.5.

2.5 SPECIAL REQUIREMENTS FOR COMPLIANCE
TESTING OF MTE

2.5.1 Introduction

In recent years handheld mobile telecommunication equipment (MTE) have be­
come a common and widely used consumer product. Their use is shifting from
mainly business oriented to personal. With falling operational costs more fre­
quent and more prolonged conversations can be expected (see also Chapter 1).
However, the operation of transmitters in very close proximity to the head sub­
jects the exposed parts of the user's body to electromagnetic fields which are
several magnitudes above the average background fields. The locally induced
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field strength is significantly higher than any exposure the broader public has
been exposed to before, except during certain common medical treatments (e.g.
MRI, diathermy, hyperthermia, etc). Recent studies have even shown that some
current cellular phones are close to or even exceed recommended limits under
certain operational conditions (Meier et al., 1995).

In view of this, it is reasonable that some health agencies are urgently call­
ing for dosimetric type approval and require compliance with safety limits un­
der all operational conditions (Strahlenschutzkommission, 1992; Bundesamt fUr
Gesundheit, 1993). Such a worst case approach is directly analogous to the com­
monly applied safety considerations for chemical and physical agents. Some
manufacturers and service providers, on the other hand, prefer to test under
intended use or normal positions only, a position which is described in their
user manuals. This is because of their concern that more strict requirements
cannot be satisfied with current technology, especially in view of the consumer's
desire to purchase smaller and lighter devices. It is clear that desired growth
can only be realized with an attractive high-tech consumer product.

The rationale is often brought up that since large safety factors have been
incorporated in the standards, exceeding these limits under certain circum­
stances is acceptable. However, this argument is contradictory to the basic idea
of safety standards, since these factors consider.the uncertainty of the extrap­
olation from animal experiments to the human organism. In addition, they
should also incorporate possible variations among humans with respect to their'
biological responses on physical stimulus. It would therefore not be consistent
to apply them for the uncertainty of the exposure as well.

Other arguments are that it is unlikely that a user would hold the device in
the same position during the entire averaging period (see Table 2.1) or that
the device would be continually radiating at maximum power during the en­
tire averaging period. Power levels of the devices undergo constant adjustment
according to radiation conditions. Furthermore, when the discontinuous trans­
mission mode (DTX) is used, the averaging power level is reduced according to
the talk-listening ratio. These combined improbabilities might Justify less rigid
test requirements than those initially requested by some health agencies.

On the other hand, intended or normal positions do not reflect the actual
average use. Hence, the exposure assessment under this intended use position
would differ from those of many daily life situations, since tests have shown
(Meier and Kuster, 1995) that this position results in spatial peak SAR levels
which are close to the minimum among the various operational positions.

Considering all these aspects, a certification procedure could only be consid­
ered to be sound if it satisfy the following basic requirements.

2.5.2 Basic requirements

• The procedure should ensure that the assessed spatial peak SAR values do


